Analysis and development of scanners for electrophoresis by TAN HAN YEN
  













A THESIS SUBMITTED 
FOR THE DEGREE OF MASTER OF ENGINEERING 
DEPARTMENT OF MECHANICAL ENGINEERING 
NATIONAL UNIVERSITY OF SINGAPORE 
2006 
Acknowledgements 
First and foremost, I thank Lord Jesus Christ for giving me all the opportunity to 
do my graduate study and for placing many special people in my life to share my 
journey with me. It was also a journey of walking and growing in Him. I thank God 
for granting me the talents to achieve this accomplishment and also most importantly 
for my salvation. 
I am also indebted to my supervisor, Dr. Ng Tuck Wah, for many years of 
guidance and inspiration. I am truly grateful for your constant encouragement and 
challenge for me to develop the best of my potential. You are a remarkable, talented 
man who has gone beyond the call of duty in your roles of a lecturer, advisor, and 
friend. I thank God for your warm heart and generous giving in supporting me 
through out my journey of graduate study. 
I am also extremely grateful to Dr. Liew Oi Wah from Singapore Polytechnic who 
always greets me with kind smiles and have been tirelessly guiding me in my project. 
I am very thankful to her lab assistant, Jenny and her students Weng Hua, Cynthia 
and Carol for all their kind support in this project too. I thank all of you for your 
thoughtfulness and continual support through out the development of the thesis. I will 
never forget your kindness, and no words could suffice the depth of my gratitude.  
I am also thankful for all the support and encouragements by my parents and my 
two brothers and sisters through out my journey to complete this thesis.  
Last, but not least, I want to give thanks to my wonderful girlfriend, Hwee Goon, 
who has always been there for me since the time I started working on the thesis. Your 
help and support made my journey to complete this thesis very pleasant, despite the 
 i
many stressful factors in the life of a student. I also thank you for your patience and 
encouragement during some very busy times, and for providing me with crucial 
insights. 
 ii
Table of Content 
Acknowledgements i 
List of Tables v 
List of Figures v 
Summary ix 
1 Effects of illumination on densitometry of polyacrylamide gel 1 
1.1 Introduction 1 
1.2 Theoretical basis of illumination based on Gaussian model 2 
1.3 Preparation of gel sample 4 
1.4 Experimental procedures 5 
1.5 Results and discussions 7 
1.6 Conclusion 14 
2 Spatial resolution in laser densitometry 16 
2.1 Introduction 16 
2.2 Measurement of Gaussian laser beam diameter 19 
 
2.2.1 Experimental procedures 19 
2.2.2 Results and discussions 21 
2.2.3 Conclusion 22 
2.3 Measurement of smaller Gaussian laser beam diameter 24 
 
2.3.1 Experimental procedures 26 
2.3.2 Results and discussions 28 
2.3.3 Conclusion 30 
 iii
2.4 Investigation on effects of laser beam size in densitometry 31 
 
2.4.1 Preparation of gel sample 32 
2.4.2 Experimental procedures 33 
2.4.3 Results and discussions 35 
2.4.4 Conclusion 37 
3 Investigation of transmission and reflective mode flatbed scanning 
densitometry 39 
3.1 Introduction 39 
3.2 Basis of comparison between reflective and transmission mode 
scanning 40 
3.3 Preparation of gel sample 41 
3.4 Experimental procedures 42 
3.5 Results and discussions 43 
3.6 Conclusion 46 
4 Calibration of flatbed scanner for densitometry 47 
4.1 Introduction 47 
4.2 Preparation of gel sample 48 
4.3 Experimental procedures 48 
4.4 Results and discussions 50 
4.5 Conclusion 52 
5 Performance comparison between flatbed scanner with commercial 
densitometer 54 
5.1 Introduction 54 
5.2 Preparation of gel sample 54 
5.3 Experimental procedures 55 
5.4 Results and discussions 56 
5.5 Conclusion 59 
Bibliography 60 
 iv
List of Tables 
Table 4-1 Pixel intensity and corresponding optical density of transmission step 
wedge when the Coomasie blue stained polyacrylamide gel sample and 
transmission step wedge were scanned together. 50 
 
List of Figures 
Figure 1-1 A schematic description of the operation of a densitometer 1 
 
Figure 1-2 Spectral distribution of fluorescent light 4 
 
Figure 1-3 Experimental setup used to determine spectral optical density 
distribution of a stained electrophoresis gel. 5 
 
Figure 1-4 Experimental spectrum recorded using the setup in Figure 1-3 
without (A) and with (B) a Coomassie blue stained band with protein amount of 
1000 nanograms. The spectral optical density distribution computed from 
distributions A and B is given in C. 7 
 
Figure 1-5 Experimental spectral optical distributions obtained from Coomassie 
blue stained protein band of different protein masses (in nanograms). 8 
 
Figure 1-6 Simulation projections of optical density against protein mass per 
band plots expected with light adhering to Gaussian spectral profile with 3nm 
spectral widths (FWHM) at various center wavelengths. 9 
 
Figure 1-7 Optical density against protein concentration plots expected with 
light adhering to Gaussian spectral profile with 632.8nm center wavelength at 
various spectral widths (FWHM). 11 
 
Figure 1-8 Optical density against protein concentration plots expected with 
fluorescent light with no filter, and with wideband Gaussian filters (100nm 
spectral width FWHM at 0.7 transmission at central wavelength) incorporated 
at central wavelengths corresponding to blue (450nm), green (550nm), and red 
(600nm). 12 
 
Figure 1-9 Simulation projections of optical density against protein mass per 
band plots expected with light adhering to Gaussian spectral profile with 3nm 
spectral widths (FWHM) at 650nm center wavelength. Experimental plots using 
a diode laser source with the same spectral characteristics is included to verify 
the validity of the simulation. 14 
 
Figure 2-1 Illustration on position of smallest spot size of a Gaussian laser beam 16 
 v
 
Figure 2-2 Schematic description of the Gaussian laser beam diameter 
measurement method using a quadrant photodiode 19 
 
Figure 2-3 Plots of VL and VR against translation of the quadrant photodiode in 
the x-direction 21 
 
Figure 2-4 Plots of VT and VB against translation of the quadrant photodiode in 
the y-direction 22 
 
Figure 2-5 A Gaussian elliptical laser beam that has the principal axis not 
coincident with the x or y axis of the quadrant photodiode 23 
 
Figure 2-6 The physical gap between sensors in the photodiode does not permit 
accurate measurement of the beam diameter 25 
 
Figure 2-7 In the modified approach, the original position of measurement is 
exclusively within one sensor 26 
 
Figure 2-8 Plot of the sensor voltage against translation of the quadrant 
photodiode in the x direction 28 
 
Figure 2-9 Plot of the sensor voltage against translation of the quadrant 
photodiode in the y direction 28 
 
Figure 2-10 A Gaussian elliptical laser beam that has the principal axis not 
coincident with the x or y-axis of the quadrant photodiode. The alignment 
method also requires monitoring the voltage of one sensor as the beam traverses 
over one edge 30 
 
Figure 2-11 Schematic description of densitometric analysis of stained 
electrophoresis gel (a) without and (b) with microscope objective in the laser 
path 31 
 
Figure 2-12 Coomassie blue stained gel image, shown in (a) full and (b) close-up 
portion, recorded using the BioRad GS-800 densitometer and analyzed using the 
Photoshop CS. 32 
 
Figure 2-13 Plots of the computed optical density against protein mass in stained 
polyacrylamide gel recorded using the Bio-Rad GS-800 densitometer and 
analyzed using the Photoshop CS by computing the average optical density of 
circular regions with various diameters. 35 
 
Figure 2-14 Plots of the computed optical density against protein mass in stained 
polyacrylamide gel using the laser densitometry setup without and with 10X 
microscope objective. 36 
 vi
 
Figure 3-1 Illustration on reflective mode scanning 40 
 
Figure 3-2 Illustration on transmission mode scanning 41 
 
Figure 3-3 Gel Images from a) reflective mode and b) transmission mode 
scanning whereby the number refers to the respective wells. 43 
 
Figure 3-4 Plot of protein band pixel intensity of different dilution factor for 
protein with 250kDa molecular size. 44 
 
Figure 3-5 Plot of protein band pixel intensity of different dilution factor for 
protein with 150kD molecular size. 44 
 
Figure 3-6 Plot of protein band pixel intensity of different dilution factor for 
protein with 100kDa molecular size. 45 
 
Figure 4-1 Coomasie blue stained protein gel and calibrated transmission optical 
step wedge guide were scanned separately. a) Calibrated transmission optical 
step wedge and b) Polyacrylamide gel. Both the dotted box refers to the area of 
background sample. 49 
 
Figure 4-2 Coomasie blue stained protein gel with calibrated transmission 
optical step wedge scanned together and dotted box showing the area of 
background sample 49 
 
Figure 4-3 Plots (scatter) of optical density against the intensity obtained from 
each step of the calibrated transmission optical step wedge; in the case of 
scanning transmission step wedge and gel sample together with red-separated 
fluorescent light. A best-fit polynomial curve is computed and the equation used 
for transformation is also shown. 51 
 
Figure 4-4 Plots of optical density with respective scanning method 52 
 
Figure 5-1 Image of stained polyacrylamide electrophoresis gel and calibrated 
transmission optical stepwedge recorded using a flatbed scanner. Quantitative 
inference of the amount of protein present can be obtained by taking the average 
optical density value from a cross-section such as A-A. 55 
 
Figure 5-2 Plots of optical density of first polyacrylamide gel sample from A) 
Bio-Rad GS-800 densitometer, and flatbed scanning using B) red LED light, C) 
red-separated fluorescent light, D) green-separated fluorescent light, E) blue-
separated fluorescent light, F) non-separated fluorescent light, against protein 
amounts in each wells 56 
 
 vii
Figure 5-3 Plots of optical density of second polyacrylamide gel sample from A) 
Bio-Rad GS-800 densitometer, and flatbed scanning using B) red LED light, C) 
red-separated fluorescent light, D) green-separated fluorescent light, E) blue-
separated fluorescent light, F) non-separated fluorescent light, against protein 





Coomassie blue stained polyacrylamide gels are common in laboratories 
committed to proteomics study and deoxyribonucleic acid (DNA) analysis. Currently, 
laser densitometers are used in quantitative analysis of polyacrylamide gels. 
However, the cost of a laser densitometer is expensive. Therefore, this thesis explores 
possibilities of adapting commercial flatbed scanners by implementing optical 
designs and electronic control schemes to evaluate a cheaper alternative to laser in 
polyacrylamide gels densitometry. 
Study was done to understand the underlying mechanisms of light interaction to 
Coomassie blue stained polyacrylamide gels. Since, there is a vast scope of 
illumination light source for scanning, ranging from coherent light to incoherent light, 
simulations were done based on Gaussian model of illumination of different light 
source. The simulation results were also verified experimentally with a 650nm diode 
laser.  
In addition, knowledge on diameter of laser beam is also essential to comprehend 
laser applications in densitometry. So far, relatively low-cost and robust quadrant 
photodiode have been demonstrated to measure Gaussian laser beam diameters in 
millimeter range. However, there is a limitation for smaller diameter beams as all 
quadrant photodiodes have a typical physical gap of about 50 microns between the 
sensors. Thus, a modified measurement approach using quadrant photodiode was 
investigated to measure small Gaussian laser beam diameter. 
Once laser beam diameter can be determined, two different collimated laser beam 
setups, one with a 10X objective and another without, were used to interrogate the 
 ix
gel. The 10X objective was used to produce a smaller interrogating beam. The laser 
beam diameter was measured and optical density analysis between both setups was 
compared to Bio-Rad GS-800 densitometer. However, both setups were limited to 
peak optical density recording. Although average optical density is preferred to peak 
optical density, it would require a more complicated and costly system. 
This led to the investigation of the potential of inexpensive EPSON Perfection 
1650 flatbed scanner. Initially, scanning performance using transmission and 
reflective mode was investigated. It was found that transmission mode was 
significantly better after processing of the images with MATLAB and analysis with 
Quantity One® 1-D Analysis Software as compared to reflective mode. 
Consequently, Epson Perfection1650 flatbed scanner was then modified to 
perform transmission mode scanning with different light sources. However, one 
problem in working with flatbed scanner was the unknown response characteristics of 
the detector. Nevertheless, this was overcome by scanning the gel together with an 
inexpensive calibrated transmission step wedge.  
With the accurate calibration, valid performance comparison of flatbed scanner 
using red LED light and EPSON transparency unit could be benchmarked with Bio-
Rad GS-800 densitometer. From the analysis, evaluations on sensitivity and linearity 
performance of using flatbed scanner with red LED light and EPSON transparency 
unit were benchmarked with Bio-Rad GS-800 densitometer. The study showed that 
flatbed scanner with red LED light was a sensible alternative to commercial 
densitometers which are typically expensive.  
(469 words) 
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Polyacrylamide gel electrophoresis is commonly used to separate molecules based 
on size, shape, or isoelectric point for analysis of molecular weight and protein 
composition and nucleic acids according to Lilley et al. (2002), Chakravarti et al. 
(2004) and Hames and B.D. (1998). Generally, Coomassie brilliant blue is used to 
stain protein bands of polyacrylamide gels for quantitative analysis and visualization 
after electrophoresis as previously mentioned in Verma, R. et al. (2002), Stedman et 
al. (2004) and Sasse, J. and S.R. Gallagher (2005). Usually, a laser beam with narrow 
spectral band-limited source with 632.8nm wavelength is used to interrogate stained 
protein bands in laser densitometry. 
 
Figure 1-1 A schematic description of the operation of a densitometer 
 
The amount of light absorbance by Coomasie blue stained protein bands that 
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ment, there are no known studies on the effect of different light sources on the 
optical density readings of stained protein bands in polyacrylamide gels. Such study 
would allow better understanding to evaluate alternative light sources such as LED
quartz halogen lamps, and fluorescent lamps. It would also provide insights to explain
and verify previous reports that were made by Kendrick, et al. (1994) and Vincent, 
S.G. et al. (1997) concerning the range of optical density measurements using flatbed 
scanners in comparison with laser densitometers. 
 
1.2 Theoretical basis of illumination base
Gaussian spectral profile or not. The spectral nature of light sources is descri
y texts like those by Levenson, R.M. et al. (1987) and Csele, M. (2004). The
intensity at any wavelength λ for light that follow a Gaussian spectral profile can b
expressed as  
 ( ) ( ) ( ) ⎟⎟⎠⎜⎜⎝= 2exp ωλλ II      (1.1) 
where  is the central wavelength, and 
⎞⎛ −− 22 λλ
λ ω the radius of the Gaussian distribution. The 
illumination power is given by  
 ( )
2
ωλπ IP =         (1.2) 
The spectral width of the illumination is often defined by its value at full-width half 
maximum (FWHM), wherein  
  ( )ω2ln2=d           (1.3) 
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Hence equation (1.1) can be rewritten to incorporate the available data of illuminatio
power and spectral width as  
n 
( ) ( ) ( )( ) ⎟⎜= 2exp2ln2PI λ      (1.4) 
ance by any material is quantified by the optical density 
parameter as describe in Simmons, J.H. and K.S. Potter (2000) and it is also applied 








The degree of light absorb
sent in the gels. A spectrometer can be used to determine the optical density, OD 
(λ ) at every constituent wavelength of stained protein bands of the gel. If this band is
illuminated by a light source that follows a Gaussian spectral profile (as in equation
(1.4)), the intensity distribution can be taken to be the incident distribution. The 
transmitted intensity at any wavelength can hence be found using 
( ) ( )( )λλλ ODiII =        (1.5) 10
In a densitometer, the measured optical density OD should be based on the total 





= ∫OD i10log        (1.6) 
e incident intensity 
distributions do not conform to Gaussian spectral profile.  
⎞λλ dI
⎠⎝ ∫ λλ dI t
Equations (1.5) and (1.6) are still applicable in the event that th
 3
 
Figure 1-2 Spectral distribution of fluorescent light 
 
A common example is fluorescent light that has the spectral distribution shown in 
Figure 1-2. Filters – in particular Gaussian wideband types – are often used to obtain 
band limited spectral illumination from such sources. The secondary intensity 
distribution, ( )λΓ  derived by placing such filters in front of the source with primary 
intensity distribution ( )λI  is given by  












λλλλ      (1.7) 
where fλ is the central wavelength of the filter, the spectral width at FWHM of 




1.3 Preparation of gel sample 
Protein molecular weight standards (Precision Plus ProteinTM Standards, All 
Blue), equipment and all reagents used for electrophoresis were obtained from Bio-
Rad Laboratories (Hercules CA). Recombinant His6-tagged fusion protein (molecular 
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weight: 29.4 kDa) was purified by immobilized metal affinity chromatography to 
greater than 95% purity and quantified by the BCA assay (Pierce, Rockford IL, 
USA). Vertical electrophoresis was carried out using a Mini-Protean® 
Electrophoresis Cell and known amounts of proteins (10ng – 5000ng) were resolved 
in 16% discontinuous SDS-polyacrylamide slab gel prepared according to the method 
of Laemmli, U.K. (1970). The gel was stained overnight using colloidal Coomassie 
G-250 dye (Gelcode® Blue Stain Reagent, Pierce) and was subjected to a Water Wash 
EnhancementTM Step where the stain was replaced with several changes of ultrapure 
water until a clear background was achieved. The destained gels were then dried 
between two sheets of cellophane using the GelAir drying system (Bio-Rad). 
 
1.4 Experimental procedures 
 
Figure 1-3 Experimental setup used to determine spectral optical density 
distribution of a stained electrophoresis gel.  
 
The stained gel was studied using the setup in Figure 1-3. A stabilized 150W 
halogen broadband light source illuminates the gel through an optical fiber bundle. 
The light transmitted through the gel was collected using a single fiber (NA of 0.48) 
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with small diameter (1mm) so as to collect light only from stained protein band 
region. Fiber with diameter larger than stained protein band region will result in 
erroneous measurements, as the light collected will include that transmitted from the 
stained and unstained regions of the gel.  
The light in the single fiber was then channeled into a spectrometer, wherein a 
grating broke down the light into its constituent spectrum before falling onto a linear 
photodetector. Signals from the linear photodetector were then sent to a computer to 
produce the spectrum distribution. The spectrum distribution of the light source 
without the stained gel was first recorded as reference and followed by the recording 
of the spectrum distribution of the gel with different protein concentration stained 
with Coomassie blue. Division with the reference will produce spectral optical 
density distributions for different protein concentration. From these spectral optical 
density distributions, expected optical densities with light sources with known 
spectral distributions were simulated using Microsoft Excel. 
Another experiment to verify the simulation results was done using the setup 
described in Figure 1-1. The incident light was a micro-focus diode laser of 650nm 
wavelength with rated output of 10mW and spectral width of 3nm FWHM. The 
transmitted light was recorded using a silicon photodiode that had a flat response 
between wavelengths 400nm to 1100nm. The reading from the silicon photodiode 
without the gel was first recorded as the reference. After this the gel was positioned 
such that the laser light interrogated a Coomassie blue stained protein band 
corresponding to a known protein amount and the reading from the silicon photodiode 
was recorded. This step was repeated with other Coomassie blue stained protein 
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bands with different protein amount. In each case, the optical density value could be 
computed from the reference. 
 
1.5 Results and discussions 
 
Figure 1-4 Experimental spectrum recorded using the setup in Figure 1-3 
without (A) and with (B) a Coomassie blue stained band with protein amount of 
1000 nanograms. The spectral optical density distribution computed from 
distributions A and B is given in C. 
 
Example experimental spectrum distribution recordings without and with a 
Coomassie blue stained band with protein mass of 1000 nanograms is given in Figure 
1-4 (indicated under A and B respectively). Both these distributions allow the spectral 
optical density distribution to be computed, as indicated by C. 
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Figure 1-5 Experimental spectral optical distributions obtained from Coomassie 
blue stained protein band of different protein masses (in nanograms). 
 
Figure 1-5 presents samples of spectral optical density distributions obtained from 
the experiment to interrogate the spectral characteristics of band stained with 
Coomassie blue with different amounts of proteins (in nanograms). As expected, 
higher protein masses correspond to higher optical density values across the 
spectrum. The peak of each distribution was consistently invariant at about 
wavelength of 593nm. The profiles were all also approximately Gaussian. It is 
noteworthy that at low amounts (e.g. 10 nanograms) of the protein, the profile and 
peak are almost non-discernible. This is compatible with the binding characteristic of 
colloidal Coomassie G-250 dye present in the Gelcode Reagent where the detection 
sensitivity for most proteins is approximately 25 nanograms/band, although some 
proteins may be detectable at 8 nanograms/band. It is also important to note that 
increment in optical density beyond 3400 nanograms/band of protein is marginal. 
This is compatible with the known characteristic where complete binding of 
Coomassie G-250 dye to protein (saturation) is approached. Since it is impossible to 
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achieve infinite Coomassie amounts, the optical density will essentially begin to 
asymptote to a maximum relative to its finite amount. Clearly, the protein amounts 
needed to achieve this characteristic should be dependent on the type of protein that is 
present. In this case, the 3400 nanograms/band threshold appears to correspond 
reasonably with previous reports by Vincent, S.G. et al. (1997) on 4000 
nanograms/band for bovine serum albumin (BSA), smooth muscle myosin heavy 
chain, and actin. 
In all computations to predict optical density range response using the distribution 
as in Figure 1-5, the radiant power incident on the gel was kept constant at unity. In 
addition, spectral response of the detector was assumed to be uniform in the visible 
range. This may not be the situation in all cases. Nonetheless, detectors with uniform 
spectral response in the visible range are not uncommon and filters can be placed at 
the input of detectors to achieve this spectral response characteristic. 
 
Figure 1-6 Simulation projections of optical density against protein mass per 
band plots expected with light adhering to Gaussian spectral profile with 3nm 
spectral widths (FWHM) at various center wavelengths. 
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From the simulation done, the expected optical density against protein mass per 
band plots with light adhering to Gaussian spectral profiles with 3nm spectral width 
(FWHM) and various center wavelengths are presented in Figure 1-6. The spectral 
width of 3nm was chosen to coincide with that normally found in lasers. In addition, 
the wavelengths were also chosen to correspond to the emission of popular versions 
of lasers available (514nm: argon-ion, 612.4nm: orange He-Ne, 632.8nm: standard 
He-Ne, 650nm laser diode).  
It can be seen that the distributions are noticeably non-linear and noisy. This is to 
be expected as the point spectral measurement procedure of the stained gels 
conducted here did not have the benefit of various “clean-up” procedures typically 
applied in the processing of spatial densitometry images. Nevertheless, this does not 
prevent conclusions to be derived from the range of optical densities predicted in 
relation to the protein mass present. Quite clearly, the highest optical density range 
response can be expected from the orange He-Ne source. This is due to the closeness 
of the central wavelength of this light to the optical density peak of the stained gel 
(about 593nm) as mentioned earlier. Nevertheless, there is only marginal reduction in 
the predicted optical density range response if standard He-Ne is used instead. The 
standard He-Ne lasers are more common and cheaper, thus make them a more 
practical choice if one needs to decide between the two. The expected optical range 
response with an argon-ion source is markedly lower. Hence, one should avoid using 




Figure 1-7 Optical density against protein concentration plots expected with 
light adhering to Gaussian spectral profile with 632.8nm center wavelength at 
various spectral widths (FWHM). 
 
Figure 1-7 presents the optical density against protein mass per band plots 
expected with light adhering to a Gaussian spectral profile having 632.8nm center 
wavelength and at various spectral widths (FWHM). It is observable that higher 
optical density ranges can be expected with the use of sources with narrower spectral 
widths. Nevertheless, it should be noted that there is only marginal difference in 
optical density range response between 3nm (typical of lasers) and 50nm (typical of 
LEDs) spectral widths. This infers that red LEDs should be able to provide an optical 
density range response that is comparable to lasers. On the other hand, the optical 
density range expected at 200nm spectral width – indicative of halogen lamp sources 
– is markedly lower. That the central wavelength of halogen light (615nm) is closer to 
the Coomassie blue optical density peak (about 593nm) should only offer minor 
improvements in the range response.  
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Figure 1-8 Optical density against protein concentration plots expected with 
fluorescent light with no filter, and with wideband Gaussian filters (100nm 
spectral width FWHM at 0.7 transmission at central wavelength) incorporated 
at central wavelengths corresponding to blue (450nm), green (550nm), and red 
(600nm). 
 
Figure 1-8 presents optical density against protein mass per band plots expected 
with fluorescent light with no filter, and with wideband Gaussian filters (100nm 
spectral width FWHM at 0.7 transmission at central wavelength) incorporated at 
central wavelengths corresponding to blue (450nm), green (550nm), and red (600nm). 
Interestingly, the expected optical density range responses using fluorescent light 
without filter are much lower than that with halogen light (see Figure 1-6). This can 
be attributed to the peaks in spectral distribution (e.g. at 547nm and 612nm) 
wavelengths with fluorescent light (see Figure 1-2) that spread radiant power away 
from the wavelength wherein the optical density of Coomassie blue (see Figure 1-4) 
peaks. It is also interesting to note that the placement of green wideband Gaussian 
filters is expected to markedly increase the optical density range response over the 
fluorescent source without filter. The response is increased even higher with the 
placement of red wideband Gaussian filters. Placing a blue wideband Gaussian filter 
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over the fluorescent source, however, should cause the optical density response range 
expected to be almost non-existent. It should be noted that protein-dye binding 
mechanics under specific preparation conditions could result in peak absorbance 
wavelength shifts between 590nm to 620nm (Compton, S.J. and C.G. Jones (1985), 
Splittgerber, A.G. and J.L. Sohl (1989), Congdon, R.W. et al. (1993) and Chial, H.J. 
and A.G. Splittgerber (1993)). Nevertheless, this possibility should not significantly 
affect the findings presented here due to the small amount of variation (i.e. 30nm). 
Apart from simulation, it is possible to introduce an exhaustive range of physical 
light sources (lasers, LEDs, halogen lamps etc.) to determine the expected optical 
density trends experimentally. However, such an approach would entail the 
investment of a substantial amount of resources. The simulation scheme adopted in 
our work for optical density prediction is essentially to circumvent this need. We 
verify the validity of our simulation scheme by comparing with experimental results 




Figure 1-9 Simulation projections of optical density against protein mass per 
band plots expected with light adhering to Gaussian spectral profile with 3nm 
spectral widths (FWHM) at 650nm center wavelength. Experimental plots using 
a diode laser source with the same spectral characteristics is included to verify 
the validity of the simulation. 
 
Figure 1-9 presents the optical density against protein amount plots predicted by 
simulation for light with 650nm center wavelength and 3nm spectral width (FWHM) 
and that measured experimentally with a laser diode source having the same spectral 
characteristics. Despite fluctuations, the values can be seen to correspond within a 




From the simulations, Gaussian spectral profile light with central wavelength 
close to the wavelength corresponding to peak optical density for Coomassie blue or 
with narrower spectral bandwidth at FWHM is expected to produce improved optical 
density range response. Red LED light appears to be a good Gaussian with spectral 
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profile light source alternative to lasers. Fluorescent light was predicted to have 
improved optical density range response over quartz halogen light due to peaks in 
spectral distribution at 547nm and 612nm wavelengths that correspond closely to the 
wavelength wherein the optical density of Coomassie blue peaks. The placement of 
red and green wideband Gaussian filters is expected to markedly increase and reduce 
the optical density range responses respectively over the fluorescent source without 
filter. Extremely poor response can be expected with the placement of blue wideband 
Gaussian filters. From this, the use of fluorescent light in tandem with red wideband 
Gaussian filter is expected to be another favourable alternative to laser. 
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2 Spatial resolution in laser densitometry 
 
2.1 Introduction 
Heuristically, the Gaussian laser beam diameter should play an important role in 
laser densitometry of polyarcylamide gel. The densitometry of polyacrylamide gel 
requires small area or region of the stained protein bands to be sampled accurately. 
Such precise sampling would enable reconstruction of polyacrylamide gel image with 
high spatial resolution and hence result in less erroneous computation of optical 
density of the protein bands of different concentration. Therefore, good spatial 
resolution is required to ensure high sampling accuracy as reported in the work by S. 
Elliott (1997). 
However, there is a limit to how small the spot size of collimated Gaussian laser 
beams can be. For a collimated Gaussian laser beam propagating in free space, 
diffraction causes light waves to spread transversely as they propagate, and it is 
therefore impossible to have a perfectly collimated beam as illustrated in Figure 2-1. 
Such property of Gaussian laser beams is discussed in many texts for example one by 
Csele, M. (2004).  
 




For a Gaussian laser beam of wavelength, λ at a distance, z along the beam from the 








zwzw         (2.1.1) 
where the origin of the z-axis is defined, without loss of generality, to coincide with 
the beam waist, and where λ
π 20
0
wz =  is called the depth of focus. 
The smallest radius of the spot size is at a minimum value, at one place along the 
beam axis. This position where the smallest spot size can be found is known as the 
beam waist. Since the beam waist is the point where the spot size has the smallest 
radius, therefore, the best spatial resolution is limited by the spot size that can be 
achieved at the beam waist of a Gaussian laser beam. 
0w
To date, three practical methods that have been used to measure the Gaussian 
laser diameter comprised of the usage of burn spots (Y.C. Kiang and R.W. Lang 
(1983)), knife-edges ((J.A. Arnaud et al. (1971) and D.K. Cohen et al. (1984)), and 
gratings (M.A. Karim et al. (1987), A.K. Cheri and M.S. Alam (2003) and A.K. Cheri 
et al. (1993). The burn spots method is generally inaccurate and suited for 
interrogating the output from high power lasers unlike the laser beam utilized in laser 
densitometry. While the knife-edge and grating methods both possess high 
accuracies, precise alignment between the knife-edge/grating with the photodiode, 
often placed after it from the laser light source, is important as a less than careful set 
up will result in erroneous measurements. Furthermore, it may be necessary to 
measure the beam diameter in two orthogonal axes in certain applications or simply 
to ascertain that the laser illumination is normal to the detector plane (a non-normal 
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illumination will result in an elliptic as opposed to a circular Gaussian beam profile). 
With the knife-edge or grating methods, it would be necessary to rotate these entities 
orthogonally in-between each measurement. This requires the addition of a precise 
optomechanical stage to the setup. 
The quadrant photodiode is demonstrated in the next section as an easy way to 
determine the Gaussian laser beam diameter. The accuracy of this technique is limited 
only by the resolution of the translator used to move the quadrant photodiode. Since 
the relatively inexpensive and robust quadrant photodiode circumvents the alignment 
requirement needed with knife-edges and gratings, a more robust measuring system 
can be designed. However, there are practical limitations when measuring smaller 
laser beam diameter because all quadrant photodiodes have a typical physical gap of 
about 50 microns between the sensors. Nevertheless, a modified measurement 
approach is successfully demonstrated in section 2.3 to overcome the practical 
limitation when measuring small Gaussian laser beam diameter.  
With the capacity to accurately measure smaller Gaussian laser beam diameter 
using a quadrant photodiode, the effects of different spot sizes of collimated laser 
beam in densitometry is evaluated in section 2.4. It is evident that collimated laser 
beam with small spot sizes are needed to interrogate the stained polyacrylamide gel to 
obtain higher optical density readings during quantitative densitometry. For this 
reason, there are commercial laser densitometers that have been implemented with 
collimated laser beam with small spot sizes. However, the cost of buying a 
commercial laser densitometer is extremely high. Therefore, there is a need to explore 
other alternative solutions in quantitative densitometry which are more economical. 
 18
 2.2 Measurement of Gaussian laser beam diameter 
The quadrant photodiode is a proven sensor used for laser beam position tracking. 
It is relatively low-cost and robust in nature. Its use had been reported in diverse areas 
such as atomic force microscopy (K. Nakano (2000)), particle tracking (A. Rohrbach 
and E.H.K. Stelzer (2002)), and photothermal diffusivity measurements (A. Salazar et 
al. (1989)). Here, we investigate to see if the quadrant photodiode is feasible in 
diameter measurements of Gausian laser beam. 
2.2.1 Experimental procedures 
 
Figure 2-2 Schematic description of the Gaussian laser beam diameter 
measurement method using a quadrant photodiode 
 
The Gaussian laser beam illuminates the quadrant photodiode directly (see 
Figure 2-2(a)). As light impinges on each quadrant, voltages proportional to the 
amount of light power incident are generated Figure 2-2(b). Let the voltages 
generated from each quadrant be V1, V2, V3, and V4, respectively. If the readings 
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are to be obtained in a bicell fashion to interrogate the left, right, top, and 
bottom values, they can be derived respectively using 
VL = V1 + V4, VR = V2 + V3, VT = V1 + V2, VB = V3 + V4  (2.2.1) 
Clearly, VL or VR can be used to find the beam diameter along the x-axis while 
using VT or VB allows measurement of the beam diameter along the y-axis. 
Suppose that the total power of the laser beam is Po. As the quadrant 
photodiode is moved in the x-axis, the power corresponding to VL or VR at any 
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Values of  between 0.1 and 0.9 correspond to oPXP /)( β  having values of 
0.9062 and –0.9062 respectively. Therefore the beam radius is given by 
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       (2.2.4b) 
where (  is the translation between the 0.9 and 0.1 points. A similar 
approach of moving the quadrant photodiode in the y-axis and interrogating the 
voltage in quadrant 4 will give the beam radius in that axis.  
12 XX −
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A commercially available quadrant photodiode (Pacific Silicon QP50-6SD) 
was used for verification. The laser used was a He-Ne model with 10mW power 
and 632.8nm wavelength. The quadrant photodiode was mounted on an x-y 
optical translation stage with 10 microns resolution along each axis of travel. 
In the determination of laser beam diameter along the x-axis, the quadrant 
photodiode was first positioned such that the laser beam illuminated the top and 
bottom quadrants almost equally. Subsequently, readings with the quadrants 
were made as the photodiode was translated in the x-axis. From the voltage 
readings, the values of VL and VR were calculated. A similar procedure in the y-
axis was applied to determine the diameter along this axis. From the quadrant 
voltage readings, the values of VT and VB were calculated. 
2.2.2 Results and discussions 
 
Figure 2-3 Plots of VL and VR against translation of the quadrant 
photodiode in the x-direction 
 
Figure 2-3 gives the plots of VL and VR against translation of the quadrant 
photodiode in the x-direction. It can be seen that they are exact mirror images of 
each other. By identifying P(X) /Po equal to 0.1 and 0.9 in each plot, the beam 
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diameters were calculated using equation (2.2.4) and found to be 1.10 mm for 
each plot. The similar values confirm the working principle. 
 
Figure 2-4 Plots of VT and VB against translation of the quadrant 
photodiode in the y-direction 
 
Figure 2-4 gives the plots of VT and VB against translation of the quadrant 
photodiode in the y-direction. The trends obtained were similar to the case in 
Figure 2-3. The beam diameters were found to be 1.09 mm for each plot. Again, 
the similar values confirm the working principle. That the beam diameters in 
both the x and y axis were different by only 1% from each each other indicates 
the circular nature of the Gaussian laser beam used in the experiment.  
2.2.3 Conclusion  
 
The quadrant photodiode clearly provides an easy way of determining the 
Gaussian laser beam diameter. The accuracy of this technique is limited only by 
the resolution of the translator used to move the quadrant photodiode. By 
removing the need for any intervening elements (such as knife-edge and 
grating) a more robust measuring system is afforded. The effects of 
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imperfections in the knife-edge and grating on measurement accuracy are well 
known.  
An added advantage with the approach reported here lies in the possibility 
of integrating a laser beam diameter measurement feature into instruments that 
use the quadrant photodiode to track beam deflection. The approach here 
permits designs that are compact and that use fewer components.  
 
Figure 2-5 A Gaussian elliptical laser beam that has the principal axis not 
coincident with the x or y axis of the quadrant photodiode 
 
It should be noted that while the technique described here allows 
measurement of laser beam diameters that are dissimilar in two axes, there is a 
need to first orient the principal elliptical axes of the beam to coincide with the x 
or y axis of the quadrant photodiode. Such a situation is illustrated in Figure 2-5. 
This can be easily achieved by first ensuring that the centers of the laser beam 
and quadrant photodiode are coincident using VL=VR and VT=VB. By next 
interrogating the values V1, V2, V3, and V4, the extent of rotational misalignment 
of the elliptical principal axis from the x or y axis can be ascertained. This 
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should then permit the necessary corrections to be introduced to either the laser 
source or quadrant photodiode. 
In summary, a novel Gaussian laser beam diameter measurement method 
that uses a relatively inexpensive and robust quadrant photodiode is reported. It 
circumvents the alignment requirement needed with knife-edges and gratings 
and allows two axes laser beam diameter measurement without the rotation of 
any component. The approach is demonstrated to provide accurate 
measurements in a verification experiment. This technique, which has been 
reported (T. W. Ng et al. (2005)), opens up exciting vistas in the design of 
instrumentation that integrates Gaussian laser beam diameter measurement with 
laser beam tracking in a compact manner using fewer components.  
 
2.3 Measurement of smaller Gaussian laser beam diameter 
The densitometry of polyacrylamide gel requires the small area or region of the 
stained protein bands to be sampled accurately. Such precise sampling would enable 
to reconstruction of polyacrylamide gel image with high spatial resolution and hence 
result in less erroneous computation of optical density of the protein band. Therefore, 
good spatial resolution is required to ensure sampling accuracy. In section 2.2, the 
quadrant photodiode was demonstrated as an inexpensive device to measure Gaussian 
laser beam diameters in the millimeter range. When smaller diameter beams need to 
be interrogated, the earlier technique is beset with a practical limitation as all 
quadrant photodiodes have a typical physical gap of about 50 microns between the 
sensors. In the case where the laser diameter is small, no voltages will be generated 
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corresponding to beam illumination on the physical gap between the sensors on the 
quadrant photodiode (Figure 2-6).  
 
Figure 2-6 The physical gap between sensors in the photodiode does not permit 
accurate measurement of the beam diameter  
 
Hence, applying the previous scheme to determine beam diameter will result in 
error. In the alternative scheme reported here, the small laser beam is first made to 
impinge exclusively on any of the four quadrants. Since the beam diameter is much 
smaller, any overlap with neighbouring sensors can be avoided. A modified 
measurement approach is thus needed in order to measure small Gaussian laser beam 










2.3.1 Experimental procedures 
 
 
Figure 2-7 In the modified approach, the original position of measurement 
is exclusively within one sensor 
 
Suppose that the beam is exclusively located in quadrant 4 (Figure 2-7). By 
interrogating the voltage from this quadrant alone, it is possible to find the beam 
diameter along the x-axis and the y-axis. Suppose that the total power of the 
laser beam is . As the quadrant photodiode is moved in the x-axis, the power 
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Values of  between 0.1 and 0.9 correspond to oPXP /)( β  having values of 
0.9062 and –0.9062 respectively. Therefore the beam radius is given by 
( 127803.0 XXw −= )
)
       (2.3.4) 
where (  is the translation between the 0.9 and 0.1 points. A similar 
approach of moving the quadrant photodiode in the y-axis and interrogating the 
voltage in quadrant 4 will give the beam radius in that axis.  
12 XX −
 A commercially available quadrant photodiode (Pacific Silicon QP50-6SD) 
was used for verification. The laser used was an elliptical Gaussian beam diode 
laser with 10mW power and 632.8nm wavelength. The quadrant photodiode 
was mounted on an x-y optical translation stage with 0.5 microns resolution 
along each axis of travel. 
 In the experiment to determine the laser beam diameter along the x-axis, the 
quadrant photodiode was first positioned such that the laser beam was fully 
illuminated within quadrant 4. Voltage readings from this quadrant were made 
as the photodiode was translated in the x-axis (Figure 2-7). A similar procedure 
in the y-axis was applied to determine the diameter along this axis.  
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Figure 2-8 Plot of the sensor voltage against translation of the quadrant 
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Figure 2-9 Plot of the sensor voltage against translation of the quadrant 
photodiode in the y direction 
 
Figure 2-8 and Figure 2-9 give plots of the voltage readings against 
translation of the quadrant photodiode in the x and y directions. By identifying 
 equal to 0.1 and 0.9 in each plot, the beam diameters were calculated 
using equation (2.3.4) and found to be 85.8 microns and 154.5 microns from the 
oPXP /)(
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respective x and y-axis plots. This indicates the elliptical Gaussian nature of the 
laser beam used. 
The quadrant photodiode clearly provides an easy way of determining the 
Gaussian laser beam diameter. The accuracy of this technique is limited only by 
the resolution of the translator used to move the quadrant photodiode. By 
removing the need for any intervening elements (such as knife-edge and 
grating) a more robust measuring system is afforded. Imperfections on the 
knife-edge and grating have been known to affect measurement accuracy. 
As mentioned in section 2.2, the real important advantage with this approach 
lies in the ease of integrating a laser beam diameter measurement feature into 
instruments that already use the quadrant photodiode to track beam deflection. 
The approach here permits designs that are compact and that use fewer 
components. It should be noted that, while the technique described here allows 
measurement of diameters of elliptical Gaussian laser beams, there is a need to 
align the principal elliptical axes of the beam to coincide with either the x or y 
axis of the quadrant photodiode. To accomplish this, the small Gaussian beam is 




Figure 2-10 A Gaussian elliptical laser beam that has the principal axis not 
coincident with the x or y-axis of the quadrant photodiode. The alignment 
method also requires monitoring the voltage of one sensor as the beam 
traverses over one edge 
 
Suppose the intention is to have the major axis of the beam to be parallel to 
the y-axis. The beam is then moved towards the right edge. By interrogating the 
voltage output, the point of first contact between beam and edge can be 
ascertained. Rotating the beam and monitoring the voltage as the beam is 
scanned from left to right along the edge then allows orientation of the beam 
such that its major axis is made parallel to the y-axis. 
2.3.3 Conclusion 
 
On the whole, the ability to measure very small Gaussian laser beam 
diameters using the quadrant photodiode is relatively inexpensive, robust, 
circumvents the alignment requirement needed with knife-edges and gratings 
and allows two axes laser beam diameter measurement without the rotation of 
any component. Hence, this technique which has been reported (T. W. Ng et al. 
(2006)) would ease accurate measurement of spot size of collimated laser beam 
used in densitometry applications. 
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 2.4 Investigation on effects of laser beam size in densitometry 
A laser densitometry can typically provide a quantitative measure of the amount 
of protein present as explained in chapter 1. The principle of laser densitometry is 
simple (see Figure 2-11 (a)); a laser beam, that is typically collimated, scans the 
region without stained protein bands for incident intensity, Ii as reference and then, 
the region with stained protein bands for transmitted intensity, It. Optical density can 








IOD 10log         (2.4.1) 
 
Figure 2-11 Schematic description of densitometric analysis of stained 
electrophoresis gel (a) without and (b) with microscope objective in the laser 
path 
 
It is evident that the intensity of the stained protein at each band is typically not 
uniform in the spatial sense as observed in Figure 3-2. Hence, if one uses collimated 
laser beams with diameters denoted by A and B respectively to interrogate the gel, it 
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is intuitively logical that the optical density values obtained from both will be 
different. One way to verify this difference quantitatively involves computing the 
average optical density of circular regions with different diameters using the gel 
image of Figure 2-12(b). In addition, the quantitative differences between the optical 
density readings at each stained protein bands using different beam sizes can also be 
confirmed using experimental setups shown in Figure 2-11. 
 
Figure 2-12 Coomassie blue stained gel image, shown in (a) full and (b) close-up 




2.4.1 Preparation of gel sample 
 
Varying amounts (10 ng – 2400 ng per well) of affinity purified His6-tagged 
fusion proteins (molecular weight: 29.4 kDa) were electrophoresed on a 16% 
discontinuous SDS-polyacrylamide slab gel according to the method of 
Laemmli. Overnight staining of the gel with colloidal Coomassie G-250 dye 
(Gelcode® Blue Stain Reagent, Pierce) was carried out followed by a Water 
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Wash EnhancementTM Step where the stain was replaced with several changes 
of ultrapure water until a clear background was achieved. Coomasie brilliant 
blue was used to visualize the protein bands on the polyacrylamide gels sample 
because the staining procedure is easier and more rapid compared with other 
detection methods as mentioned in Verma, R. et al. (2002), Stedman, H.H. et al. 
(2004) and Sasse, J. and S.R. Gallagher (2005). The destained gels were then 
dried between two sheets of cellophane using the GelAir drying system (Bio-
Rad). 
2.4.2 Experimental procedures 
 
The gel image obtained from Bio-Rad’s GS-800 densitometer scanning was 
exported as TIFF format and was processed using Photoshop CS. If one uses 
laser beam with spot sizes similar as A and B respectively to interrogate the gel 
as illustrated in Figure 2-12, imaging software like Photoshop CS can be used to 
quantitatively analyze the average optical density in the circular regions. These 
average readings are equivalent to peak optical density that could be obtained 
experimentally using the collimated laser beam with respective spot sizes. 
Therefore, average readings of circular regions with diameter ranging from 0.1 
mm to 2.0 mm were analyzed using procedures with Photoshop CS. The 
average reading of each protein band obtained was converted to optical density 
unit using a transmission calibration wedge. The description of transmission 
calibration wedges is given in chapter 4. 
The same Coomassie stained gel was then interrogated using the laser 
densitometry setups described in Figure 2-11 (a) and (b). For the latter, a 10X 
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microscope objective was included in the path of light before the gel in order to 
produce a smaller interrogating beam. In both setups, the laser used was a NEC 
He-Ne with 50mW rated power and 632.8 nm wavelength, and the detector used 
was a Newport 1815C power meter with 818SL silicon detector head. For a 
more economical arrangement, one may use a laser diode as light source and a 
standard photodiode as detector. Firstly, the diameter of the laser source was 
measured using the technique as described in chapter 2 and set to 1.0 mm. Then, 
the voltage reading was taken from the gel region without Coomasie blue 
stained protein band as a reference, which was also the incident intensity, Ii. 
After that, voltage reading at each stained protein band region was taken at the 
peak voltage as the transmitted intensity, It. Division of transmitted intensity, It 
with the reference results in the peak optical density readings for the different 
protein amount at each band. The process was repeated for the same gel with the 
setup by incorporating 10X microscope objective to reduce the laser beam 
diameter to 0.1 mm. The diameter of the laser beam was checked using the 
technique as described in section 2.3. 
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2.4.3 Results and discussions 
 
Figure 2-13 Plots of the computed optical density against protein mass in 
stained polyacrylamide gel recorded using the Bio-Rad GS-800 
densitometer and analyzed using the Photoshop CS by computing the 
average optical density of circular regions with various diameters. 
 
Computed optical density against protein concentration per band in the gel 
image analysed to predict optical density on the effect of with different diameter 
ranging from 0.1mm to 2mm was plotted. By observing the concentration range 
between 500ng to 2000ng, there is a clear trend that optical density values 
increase when the beam diameter decreases. Nevertheless, this increase in 
optical density appears to be minimal once the beam diameter reaches 0.5 mm. 




Figure 2-14 Plots of the computed optical density against protein mass in 
stained polyacrylamide gel using the laser densitometry setup without and 
with 10X microscope objective. 
 
Plots of optical density against the amount of proteins present in the gel for 
the results obtained from experimental setups with and without the 10X 
microscope objective are presented in Figure 2-14. It is evident that higher 
optical density readings are obtained in the setup with the 10X microscope 
objective present. Generally, the results from the experimental setups were 
consistent with findings on laser beam size as predicted for diameters ranging 
from 0.1mm to 2mm as in Figure 2-13 except for the slight deviation of peak 
optical density readings at the protein band containing 1600ng amount of 
protein, which may be due to experimental error. 
Both simple laser densitometry setups described in Figure 2-11 have 
demonstrated the effects of spot size of the collimated laser beam on the peak 
optical density readings of stained polyacrylamide gels.  It is clear that smaller 
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spot size of the collimated laser beam used gives a better peak optical density 
reading. 
Alternatively, one can also obtain the average optical density reading of 
each stained protein band as a whole instead of the peak optical density. One 
way is to use a larger diameter of the laser beam that covers the protein band. 
This would give the averaging optical density results of the whole protein band. 
However, one of the disadvantages is that it would not be able to provide 
information on the optical density at each point of the stained protein band. In 
addition, it is also unable to give the peak information of each protein band. 
Since there is a lack of information, it would be difficult to remove background 
noise from the optical density reading of the stained protein band too. 
2.4.4 Conclusion 
 
It is evident from the experiments conducted that collimated laser beam with 
small spot sizes are needed to interrogate the stained polyacrylamide gel to 
obtain higher optical density readings during quantitative densitometry. There 
are commercial laser densitometers that have been implemented with collimated 
laser beam with small spot sizes available for any laboratory doing quantitative 
densitometry of polyacrylamide gels. However, the cost of buying a commercial 
laser densitometer is extremely high. Therefore, one may consider building a 
laser densitometer from scratch. Unfortunately, building a laser densitometer 
from scratch is a very complicated task as it requires careful design and 
assembly of precision optical, electronic, and mechanical components as 
illustrated in J. E. Brayden and W. Halpern (1983). Consequently, there is a 
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need to explore other alternative solutions in quantitative densitometry which 
are more economical. 
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3 Investigation of transmission and reflective mode 
flatbed scanning densitometry  
 
3.1 Introduction 
Flatbed scanners are one of the most commonly used for creating digital images 
nowadays. They are used to digitise slides, photographs, transparencies and also 
opaque materials such as documents, prints and drawings. When an object is placed 
on the scanning surface, flatbed scanners create separate red, green, and blue versions 
of the image, and then merging them together to create the final digital image. This is 
done using charged-coupled devices (CCD) technology that records the changes of 
light by the scanner. 
Most current scanners are able to perform both reflective and transmission mode 
scanning. Reflective mode scanning receives images as light reflects off from the 
surface of the samples, usually opaque samples such as photographs, paintings and 
flat objects. The light signal that reflects off from the sample is focused onto the CCD 
sensor by a mirror and lens system. On the other hand, transmission mode scanning is 
able to digitise samples that are transparent, such as film, slides and acetate. Unlike 
reflective mode scanning, the illumination path of light signal during transmission 




3.2 Basis of comparison between reflective and transmission mode 
scanning 
During reflective mode scanning, signal from the light source is reflected from the 
surface of the sample object and focused into the CCD sensor. Thus, the CCD sensor 
would only receive reflected light signal at the contact surface between the scanned 
object and the flatbed surface. Therefore, when a polyacrylamide gel sample is 
scanned using reflective mode scanning, the resultant image obtained would only 
contain information from the gel surface. In addition, there are also glaring effects 
due to reflections from other regions of the gel. Both of this would cause artefacts on 
the resultant image and result in inaccuracies during quantitative analysis of the 
protein bands on the gel. 
 
Figure 3-1 Illustration on reflective mode scanning 
 
However, in transmission mode scanning, light signal from the illuminator passes 
through the polyacrylamide gel sample is attenuated by the protein bands in its entire 
volume before reaching the CCD sensor. It is reasonable that the resultant image is 
more accurate for quantitative analysis as compared to that of reflective scanning. To 
the best of our knowledge, this has not been reported in any literature. It is important 
to know which of the two scanning modes is better to reduce discrepancies in image 
 40
scanning. This will also reduce noise in polyacrylamide gel images and hence, 




Figure 3-2 Illustration on transmission mode scanning 
 
3.3 Preparation of gel sample 
Protein molecular weight standards (Precision Plus ProteinTM Standards, All 
Blue), equipment and all reagents used for electrophoresis were obtained from Bio-
Rad Laboratories (Hercules CA). Vertical electrophoresis was carried out using a 
Mini-Protean® Electrophoresis Cell on Precision Plus ProteinTM standards was 
prepared with different dilution factor ranging from 1X to 14X dilution factor per 
well and 16% discontinuous SDS-polyacrylamide slab gel prepared according to the 
method of Laemmli. The polyacrylamide gels were then dried between two sheets of 
cellophane using the GelAir drying system (Bio-Rad).  
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3.4 Experimental procedures 
The Coomassie stained polyacrylamide gels were scanned with Epson Perfection 
1650. It was chosen because its specification of 1600 dpi x 3200 dpi optical 
resolution and 48-bit colour depth enabled reasonably good quality colour scans. 
Firstly, the prepared gel sample was scanned in reflective mode with the flatbed 
scanner using fluorescent light at 400 dots per inch and 48-bit (RGB mode with 16 bit 
per channel) and saved in uncompressed TIFF format. The image file obtained was 
then separated into respective red, green and blue channel using an algorithm written 
in MATLAB. After that, the resultant image from the red channel was processed with 
Discovery Series™ Quantity One® 1-D Analysis Software to obtain the average 
optical density of the of the sample protein bands for three proteins sample of 
250kDa, 150kDa and 100kDa. The analysis process was not done for the images in 
the green and blue channels. That is because, from the simulations in chapter 1, 
Gaussian spectral profile light with central wavelength close to the wavelength of 
593nm corresponding to peak of spectral distribution for Coomassie blue produced 
improved optical density range response. The details on effects of illumination have 
been discussed in chapter 1. The whole process was repeated for scanning of the same 
gel sample using transmission mode scanning with fluorescent light. Subsequently, 
the results of both reflective mode and transmission mode scanning were evaluated. 
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3.5 Results and discussions 
 
Figure 3-3 Gel Images from a) reflective mode and b) transmission mode 
scanning whereby the number refers to the respective wells. 
 
From Figure 3-3, there is a distinct difference between resultant images from a) 
reflective mode as compared to b) transmission mode scanning. The stained protein 
bands from transmission mode appear to be more distinct with respect to the 
background intensity as compared to that of the image from reflective mode. The first 
row of protein bands across the gel is made up of protein with molecular size 250kDa. 
The next row of protein bands is made up of protein with molecular size of 150kDa 
followed by 100kDa for the bottom row. The three rows of protein with different 
molecular size were evaluated with the Discovery Series™ Quantity One® 1-D 
Analysis Software to obtain the average pixel intensity for comparison. The results 
obtained were plotted as shown in Figure 3-4, Figure 3-5 and Figure 3-6 each 
referring to protein with molecular size of 250kDa, 150kDa and 100kDa respectively.  
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Figure 3-4 Plot of protein band pixel intensity of different dilution factor for 
protein with 250kDa molecular size. 
 
 
Figure 3-5 Plot of protein band pixel intensity of different dilution factor for 
protein with 150kD molecular size. 
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Figure 3-6 Plot of protein band pixel intensity of different dilution factor for 
protein with 100kDa molecular size. 
 
The concentration of stained protein sample increases from well 1 to well 14 of 
the polyacrylamide gel as illustrated in Figure 3-3. Generally, the pixel intensity 
increases with higher concentration of the protein samples, for both reflective and 
transmission modes scanning as seen in Figure 3-4, Figure 3-5 and Figure 3-6. By 
observing Figure 3-4, for the same protein sample concentration, the pixel intensity 
readings recorded from transmission mode are by and large higher as compared to 
that of the reflective mode. Similar trend is also observed in Figure 3-5 and Figure 
3-6. This shows that flatbed scanning in transmission mode would be able to produce 
image with higher pixel intensity readings as compared to reflective mode. 
Another important observation is the linearity of the results obtained from 
transmission mode and reflective mode. Generally, it is quite obvious that the results 
obtained from transmission mode are more linear as compared to that in the reflective 
mode. These observations are sufficient to verify that transmission mode scanning is 




It is established that earlier prediction on transmission mode scanning, whereby 
light signal from the illuminator passes through the polyacrylamide gel sample is 
attenuated by the protein bands in its entire volume before reaching the CCD sensor, 
produces resultant image that has higher pixel intensity readings as compared to 
reflective mode for the same sample protein concentration. Hence, transmission mode 
scanning produce better quantitative densitometry readings as compared to that of 
reflective mode. Therefore, future recording of Coomasie blue stained 
polyacrylamide gels will utilize transmission mode scanning.  
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4 Calibration of flatbed scanner for densitometry 
 
4.1 Introduction 
In the previous chapter it was shown that transmission mode is more effective 
than reflective mode in flatbed scanning for densitometry. However, there is a need to 
correlate the intensities to optical density readings from established equipment like 
the Bio-Rad.  
The relationship between average optical density and pixel intensity could be 
worked out using the relatively inexpensive calibrated transmission optical step 
wedge (Stouffer Pte Ltd). Once the relationship is established, the pixel intensities 
that were obtained from other images could be mapped to corresponding average 
optical density values. 
One issue that might affect the accuracy of the pixel intensity mapping to average 
optical density value is the background intensity of the gel obtained. There is a need 
to determine if two separate scans would minimize the inconsistency in the 
background intensity and hence, produce better accuracy in the average optical 
density calibration process. 
Another issue is one might think that the background area of polyacrylamide gel 
should have higher pixel intensity level as compared to the region at the stained 
protein band because the stain would have absorbed much of the illumination. 
However, it is important to note that analysis in the Discovery Series™ Quantity 
One® 1-D Analysis Software follows an inverted scale. The region at the stained 
protein band has both higher pixel intensity and average optical density as compared 
to that of the background area of the polyacrylamide gel. Therefore, the darker the 
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stain of the protein band, the higher the pixel intensity and corresponding average 
optical density value with respect to the background. This is also similar to 
observation in Figure 1-6 in section 1.5 whereby protein bands with higher protein 
amount have higher average optical density value as compared to protein bands with 
lower protein amount. 
 
4.2 Preparation of gel sample 
Varying amounts (10 ng – 2000 ng per well) of purified His6-tagged fusion 
proteins (molecular weight: 19.8 kDa) were electrophoresed on a 16% discontinuous 
SDS-polyacrylamide slab gel according to the method of Laemmli. Overnight 
staining of the gel with colloidal Coomassie G-250 dye (Gelcode® Blue Stain 
Reagent, Pierce) was carried out followed by a Water Wash EnhancementTM Step 
where the stain was replaced with several changes of ultrapure water until a clear 
background was achieved. The destained gel was then dried between two sheets of 
cellophane using the GelAir drying system (Bio-Rad). 
 
4.3 Experimental procedures 
First, the Coomasie blue stained polyacrylamide gel sample and the calibrated 
transmission optical step wedge were scanned separately with Epson Perfection 1650 
scanner using the transparency adapter. Figure 4-1 a) shows the scanned image of 
calibrated transmission optical step wedge and b) shows the scanned image of the 
polyacrylamide gel with sample background area. Then, the gel was then scanned 
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together with the calibrated transmission optical step wedge to obtain the image 




Figure 4-1 Coomasie blue stained protein gel and calibrated transmission optical 
step wedge guide were scanned separately. a) Calibrated transmission optical 






Figure 4-2 Coomasie blue stained protein gel with calibrated transmission 
optical step wedge scanned together and dotted box showing the area of 
background sample 
 
The red channel information of resultant images were extracted with MATLAB 
and saved in TIFF file format. The background intensity of the images was removed 
and the resultant images were analysed using Discovery Series™ Quantity One® 1-D 
Analysis Software. Normally, quantitative inference of the amount of protein present 
can be obtained by taking the average optical density value from a cross-section such 
as A-A as in Figure 4-1 and Figure 4-2. However, analysis with Discovery Series™ 
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Quantity One® 1-D Analysis Software would display results in pixel intensity instead 
of average optical density for images scanned with devices other than Bio-Rad 
devices. Therefore, there was a need to convert pixel intensity readings to average 
optical density to make a valid comparison. Since the average optical density of each 
step of the calibrated transmission optical step wedge was known, the pixel intensity 
at the respective step could be used to find the best-fit second order polynomial 
equation that mapped the pixel intensity of an image to the corresponding average 
optical density using Microsoft Excel. The correspondence can be accurately 
determined using a transformation equation. The results obtained from both scanning 
methods were compared to decide which was better. 
 
4.4 Results and discussions 
The results from the transmission mode scanning of Coomasie blue stained 
polyacrylamide gel sample with transmission step wedge are tabulated as shown in 
Table 4-1.  
Number Pixel intensity of 
wedge 
Calibrated OD of 
wedge 
1 6706 0.07 
2 13458 0.2 
3 18669 0.324 
4 23771 0.46 
5 28384 0.621 
6 32243 0.758 
7 36006 0.899 
8 40084 1.071 
Table 4-1 Pixel intensity and corresponding optical density of transmission step 
wedge when the Coomasie blue stained polyacrylamide gel sample and 
transmission step wedge were scanned together. 
 
The first step is to correlate the intensity of each channel with every optical 
density step of the wedge as in Figure 4-3. Polynomial equations can typically be 
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generated to depict a best fit for the relationship. From this, the intensity at each point 
on the gel can be transformed to corresponding optical density values. 
 
Figure 4-3 Plots (scatter) of optical density against the intensity obtained from 
each step of the calibrated transmission optical step wedge; in the case of 
scanning transmission step wedge and gel sample together with red-separated 
fluorescent light. A best-fit polynomial curve is computed and the equation used 
for transformation is also shown. 
 
The results of transmission mode scanning of polyacrylamide gel and wedge 
together in average optical density values computed are plotted in Figure 4-4. 
Similarly, the results from transmission mode scanning of the polyacrylamide gel and 
transmission step wedge separately are also plotted in Figure 4-4. Generally, the 
results for both have an increasing trend as the protein amount increases. This is 
expected, as higher protein amount at the protein band would have higher average 
optical density reading. Although both scanning methods utilized the same 
polyacrylamide gel sample and transmission step wedge, it can be observed that there 
is a slight discrepancy between the plots of average optical density computed. 
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Figure 4-4 Plots of optical density with respective scanning method 
 
One could try to solve the deviation problem by trying to equalize the background 
when scanning the transmission step wedge and the polyacrylamide gel separately by 
mathematical means. Another approach is to scan both the polyacrylamide gel and the 
transmission step wedge together. This would avoid having to solve the background 
equalization problem of both the polyacrylamide gel and the transmission step wedge 
as the background intensities would be constant. It was decided that the latter was 
most practical. Subsequent work employed this approach. 
 
4.5 Conclusion 
It is proven that scanning of polyacrylamide gel together with transmission step 
wedge reduces calibration error by reducing the background noise differences. It also 
obviated having to resolve the background noise issue by mathematical means. 
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Therefore, future scanning of scanning of polyacrylamide gel will be done together 
with the transmission step wedge. 
 
 53
5 Performance comparison between flatbed scanner 
with commercial densitometer 
 
5.1 Introduction 
The case for using inexpensive flatbed scanners in densitometry of stained 
polyacrylamide electrophoresis gels has been reported over a decade ago in Kendrick, 
N.C. et al. (1994) and Vincent, S.G. et al. (1997). Yet these studies have given the 
general impression that performances with them are limited. With proper calibration 
and suitable uniform light illumination, the conception of limited capabilities of 
flatbed scanners can be debunked.  
 
5.2 Preparation of gel sample 
Two Coomsie blue stained polyacyrlamide gels were prepared for verification of 
scanning performance of flatbed scanner. Varying amounts (10 ng – 4000 ng per 
well) of an affinity purified His6-tagged fusion protein (molecular weight: 19.8 kDa) 
was vertically electrophoresed on a 16% discontinuous SDS-polyacrylamide slab gels 
according to the method of Laemmli. Overnight staining of the gels with colloidal 
Coomassie G-250 dye (Gelcode® Blue Stain Reagent, Pierce) was carried out 
followed by a Water Wash EnhancementTM Step where the stain was replaced with 
several changes of ultrapure water until a clear background was achieved. The 
destained gels were then dried between two sheets of cellophane using the GelAir 
drying system (Bio-Rad).  
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5.3 Experimental procedures 
It was earlier established that it is important to note that flatbed scanners work 
primarily on the principle of reflection; with the light source and detector located on 
the same side Figure 3-1. In the case of densitometry of stained polyacrylamide 
electrophoresis gels, there is a need to place both at opposite sides in order to operate 
under the principle of transmission. A flatbed scanner (Epson Perfection 1650) was 
modified to do this with different light sources incorporable (Figure 3-2).  
It is also imperative that the scanned images be recorded in colour as well as at 
sufficiently high spatial and dynamic resolutions. Both the two Coomasie blue stained 
polyacrylamide gel samples were recorded at 2400 dots per inch and 16 bits per 
colour channel respectively. One problem working with electronic imagers, such as 
the flatbed scanner, is the unknown response characteristic of the detector. This can 
be easily circumvented by scanning the gel together with a relatively inexpensive 
calibrated transmission optical step wedge described in chapter 4.  
 
Figure 5-1 Image of stained polyacrylamide electrophoresis gel and calibrated 
transmission optical stepwedge recorded using a flatbed scanner. Quantitative 
inference of the amount of protein present can be obtained by taking the average 
optical density value from a cross-section such as A-A. 
 
The digital colour image of both of the gel sample recorded with fluorescent light 
were separated into the respective red, green, and blue channel intensities for 
analysis. However, for colour image recorded from red LED, only the red channel of 
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the image contains the relevant information that was important. Thus, only the red 
channel was used for analysis. From chapter 1, it was established – by 
experimentation and numerical modelling – that the spectrum of light will have 
pronounced effects on the optical density range; wherein a higher scale translates to 
improved sensitivity. Generally, two factors contribute positively to this; i.e. having 
the spectrum peak close to the 593nm maximal absorption band of Coomassie blue, 
and the spectrum width as narrow as possible. The separation of the digital colour 
image into its colour components is essentially equivalent to introducing Gaussian 
wideband filters into the incident light. The average optical density results obtained 
were then compared with that from a Bio-Rad GS-800 densitometer.  
 
5.4 Results and discussions 
 
Figure 5-2 Plots of optical density of first polyacrylamide gel sample from A) 
Bio-Rad GS-800 densitometer, and flatbed scanning using B) red LED light, C) 
red-separated fluorescent light, D) green-separated fluorescent light, E) blue-
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separated fluorescent light, F) non-separated fluorescent light, against protein 
amounts in each wells 
 
Figure 5-3 Plots of optical density of second polyacrylamide gel sample from A) 
Bio-Rad GS-800 densitometer, and flatbed scanning using B) red LED light, C) 
red-separated fluorescent light, D) green-separated fluorescent light, E) blue-
separated fluorescent light, F) non-separated fluorescent light, against protein 
amounts in each wells 
 
The findings from both polyacrylamide gel samples presented in Figure 5-2 and 
Figure 5-3 respectively corroborate with the theoretical predictions in chapter 1. It 
can be seen that the highest optical density range readings are obtained using the 
scanner with red LED and red-separated fluorescent light; with both possessing 
practically the same scale as the Bio-Rad GS-800 densitometer. The ranges using 
flatbed scanning in conjunction with green-separated and non-separated fluorescent 
light are markedly lower; whereas with blue-separated fluorescent light, the range is 
almost non-existent. It is noteworthy that while the trends of the optical density 
ranges are consistent, they are lower in absolute terms than prior predictions in 
chapter 1. This is attributed to the average processing scheme adopted as described in 
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chapter 4. Comparisons using the maximum optical density at each stained protein 
band found them to be much closer to the predictions.  
Another aspect that is important in densitometry, apart from sensitivity, is 
linearity. The correlation coefficients of the first polyacrylamide gel sample for 
protein amounts below 2200 using the Bio-Rad GS-800 densitometer, flatbed scanner 
with red LED light, and flatbed scanner with red-separated fluorescent light were 
computed as 0.9883, 0.9795, and 0.8821 respectively. The correlation coefficients of 
the second polyacrylamide gel for protein amounts below 2200 using the Bio-Rad 
GS-800 densitometer, flatbed scanner with red LED light, and flatbed scanner with 
red-separated fluorescent light were computed as 0.993, 0.9897, and 0.9341 
respectively. It is quite obvious from the correlation results of both polyacrylamide 
gel samples that only the flatbed scanner with red LED light is able to reproduce the 
level of linearity and sensitivity of the Bio-Rad GS-800 densitometer. The relatively 
lower linearity performance of the flatbed scanner with red-separated fluorescent light 
may be attributed to spectral filtering accomplished after rather than before 
illumination of the gel. It is also important to highlight that the high noise 
characteristic observed for protein amounts below 40 nanograms, and the non-linear 
saturation behaviour evident for protein amounts above 2200 nanograms, were 
present for both the Bio-Rad GS-800 densitometer and the flatbed scanner with red 
LED light. This again underlines the equivalence in performance between the flatbed 
scanner with red LED light and the Bio-Rad GS-800 densitometer.  
Finally, it is pertinent to mention that flatbed scanning used in conjunction with 
650nm laser diode illumination was experimented as well; under the notion that high 
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optical density range readings may be attainable. Nevertheless, it was found that 
stained polyacrylamide electrophoresis gel images recorded to be fraught with 
speckles. This phenomenon is due to the high temporal and spatial coherence of lasers 
as reported in J.C. Dainty (1984). Techniques to reduce coherent light speckling 
reported by T.W. Ng, (1997) are admittedly available. However, they are not feasible 
for incorporation in this context. 
 
5.5 Conclusion 
The potential of conventional flatbed scanners (EPSON Perfection 1650) have 
been proven as an alternative economical solution for laser densitometer for 
quantitative densitometry of Coomasie blue stained polyacrylamide gels. The 
experiment also further uphold earlier results from chapter 1 that have shown the 
importance of red LED and red-separated fluorescent light in quantitative 
densitometry of Coomasie blue stained polyacrylamide gel. Despite being able to be 
an alternative solution for scanning of Coomasie blue stained polyacrylamide gel, 
high noise characteristic for protein amounts below 40 nanograms, and the non-linear 
saturation behaviour for protein amounts above 2200 nanograms were present for 
present for both the Bio-Rad GS-800 densitometer and the flatbed scanner with red 
LED and red-separated fluorescent light. Therefore, the use of Bio-Rad’s 
densitometer as benchmark definitely eased any suspicions from any laboratories that 
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